This paper presents an evaluation of mechanical contactless magnetic bearing against the conventional industry standard rolling element bearing in direct drive electrical generators. The evaluations are performed based on the energy consideration and their potential contribution in structural mass reduction of rotor. A cylindrical rolling element bearing is chosen to represent the conventional type and an approximate modelling of magnetic bearing is carried out to evaluate them. A finite element analysis in the rotor structure is performed to estimate its mass and to analyse any potential saving in mass by the use of magnetic bearing.
Introduction
There has been huge increase in offshore wind turbine installation in recent years. According to EWEA, 13% growth in offshore wind turbine deployment was noted in 2015 over 2014, of which the average turbine size ranges 4 to 6 MW [1] . The offshore deployment means cost of accessing machine becomes challenging and costly. Thus, as the leading wind turbine manufactures are going towards direct drive train solution, its market share has picked up as well [2] .
The direct drive electrical conversion system is favoured over the geared system on the grounds of potential improvement in system reliability and reduction in maintenance needs. However, in this low speed system, generator size tends to become large and the efficient mechanical integration without violating electrical and mechanical integrity of the machine becomes more challenging. This would lead the bearing system prone to fail.
Among the various failure modes, bearing failure contributes around 55 % share in large scale generator [3] . Failure in the bearing would result failure in generator. This will have very severe impact with loss of revenue due to downtime and may lead to costly unplanned maintenance cost. The severity of impact is even intensified for failure in offshore wind turbines. Thus, the bearing systems -which are often blamed for their contribution to failure modes and tend to need periodic maintenance -have to be resilient and should have low maintenance requirements, otherwise the benefits of direct drive might be neutralised. Conventional bearing system used in direct drive generator is rolling element bearing.
Considering the failure in bearings, there has been some research going on to find the potential solution to the above problem and alternatives to the conventional bearings. Sarah [4] has presented the design of bearing in direct drive generator of wave energy converter.
Although, the conventional bearing system was used, future attention on alternative novel option to achieve contact less operation was mentioned. Shrestha et al. [5] , [6] analysed the use of magnetic bearing in direct drive generator . With this new concept it was claimed that the significant structure mass saving could be made as an additional flexibility could be introduced. This potential additional flexibility in structure was achieved by the local control of air gap.
The primary function of bearing systems is to provide an interface between stationary parts and rotating parts. This should be done with minimum friction and reduce the transfer of unwanted loads. Their design and selection are tied to the application and operating environment with different priority over issues mainly related to performance, life span, maintenance and cost. The direct drive generator is a low speed application with high priority for reliability with an additional challenge to maintain a physical gap between stator subject to large electromagnetic forces. In an ideal case, the bearing solution would have: an infinite lifetime; it wouldn't require regular maintenance; if it does need maintenance then it would be easy to maintain; it would enable lightweight generator design; it wouldn't cause downtime of the plant if it fails; and it will provide a mechanism to prevent catastrophic damage to the generator if it does fail. For the economic perspective, the mentioned characteristics would be achieved without capital cost and operating and maintenance costs.
The complete evaluation of these two bearing system would require both technical and economic evaluation. It should also take account of their performance, maintenance requirement, failure rates and ease of repair. In order to accommodate all of these evaluating criteria, extensive data of their operational history regarding failure rate and downtime and cost would be required. Magnetic bearings application in low speed large scale generators are premature compared to the rolling element bearing. Thus, the evaluation based on maintenance and cost are beyond the scope of this paper. This paper reviews conventional rolling element bearing and magnetic bearing for direct drive electrical generators and evaluates them based on the energy consideration and potential structural mass reduction of the rotor. The baselines of generator and bearing systems are detailed in section 2 and the evaluation in the two bearing system are presented in section3.
Evaluation Baseline
The evaluation of two competing systems used in same application has to be performed based on the common specifications and modelling of application area. In order to achieve this, generator specifications are presented and bearing systems are modelled as below. A radial flux, surface mounted permanent magnet direct drive generator of inner rotor type is used as a baseline. A section of it is presented in figure 1 (a) and its specifications are presented in table 1 [7] .
Generator Specifications
The generator is integrated to rest of the turbine structures using two bearings as shown in figure 2 . It is assumed that the axial loads are borne by main bearing and the evaluation of the bearings is based on the radial loads imposed by generator only. 
Bearing system
Bearing systems are modelled based on the design radial loads in the baseline generator. There are wide ranges of choices in selecting types and specifications of rolling element bearing suitable for the nature of application. In this case, a cylindrical rolling element bearing was chosen from the specification provided by SKF based on the radial loads and the rotational speed of the baseline generator [9] . Its dimensions are shown in figure 2(a). 
The magnetic bearings are modelled inside the rotor as shown in figure 2(b). Eight bearings are uniformly distributed inside rotor in order to generate levitation forces required to control the position of rotor in x-y plane. Each bearing section consists of 2-leg C-core electromagnets and its specifications are given in table 2. The rotor yoke is separated into inner and outer section by non-magnetic material in order to provide separated flux for rotor's magnet and bearings. FEMM analysis was performed for a bearing section to check the saturation of the core, which is shown in figure 3 . This implies that a varying radially inward force of attraction could be generated over the rotor surface. The control of the forces will be the function of current magnitude controlled by power electronic converters. Detail modelling on the control is beyond the scope of the paper.
Evaluations

Energy Consideration
Mechanical rolling element bearings don't require external electrical power/energy for their operation but the frictional losses between two moving parts are unavoidable. On the other hand, magnetic bearings in principle eliminate any mechanical contacts between the moving parts. This ideally leads to zero frictional power loss. However, this comes at the expense of external operational power required to produce sufficient levitation forces.
The application of rolling element bearings in electrical machines is quite standardized and there are many "off the shelf" products. So, depending on the choice of application and with the nature of loads it has to bear, one can estimate the specification of bearing required from a manufacturer's catalogue. The power loss in rolling element bearing is due to friction, which basically depends on bearing type, size, operating speed, properties of the material and quality of lubrication. According to SKF, one of the leading bearing manufacturers, power loss, PL, in the cylindrical rolling element bearing can be estimated by equation (1).
where M is the total frictional moment of the bearing given by equation (2) assuming good lubrication normal operation condition and constant friction coefficient, n is rotational speed, P is the dynamic equivalent load and d is the bearing bore diameter [9] . Thus the frictional losses can be estimated for the bearing given the speed of the shaft (rated 12 rpm) and the radial loads imposed by the generator rotor structure are known.
Unlike conventional rolling element bearings there aren't standard relations for estimating extra power required for magnetic bearing tailored to its application in electrical generators. Although this extra power primarily depends on the levitating force of attraction required to prevent physical contact between rotor and stator, it will be heavily influenced by how the magnetic bearing is modelled. Important factors include the bearing placement, the number of bearing units, the design of the windings, what magnetic materials are used in the rotor yoke and magnetic cores along with other factors. In addition to this it will depend on the rigidity of rotor yoke and modes of deformations that the bearing has to deal with. Detailed analysis of the latter two aspects is beyond the scope of this paper.
In order to provide a first approximation of magnetic bearing power consumption, the bearing has been modelled as shown in Figure 2 and 3. The force produced by each leg can be estimated by basic principle of electromagnetic force. For a Ccore electromagnet with N winding turns in both legs and current i flowing through the winding, the electromagnetic force of attraction generated by each leg is given by equations (3) and (4),
where a is the cross section of a C-core leg, is the permeability of free space, c is air gap between the leg and the rotor yoke and B is the flux density in the air gap given by (4). Below saturation, varying the current can control the amount of the force. The maximum amount of force that can be generated will also depend on the saturation of the core material (equation (4) assumes that the rotor yoke is infinitely permeable).
Power loss in the winding will depend on the current and the resistance of the windings; this is given by (5) . Thus the power loss per leg is given by (6), (5) (6) where is resistivity of the copper, j is current density of the winding, w is width of leg and l is the axial length of the leg. Hence with the idea of force required to produce by a leg, ampere turns required can be estimated by (3) and the corresponding power loss per leg can be approximated by (6) . The total power loss will be the product of number of leg used and PCu.
All of the above assumptions are based on the fact that the radial load borne by the bearings can be estimated. These radial loads imposed on the bearing depend on the position of the rotor structure. Thus this will generate two different scenarios if we only consider the mode 1 deformation of the rotor:
(a) When the rotor is placed centred on its rotational axis such that uniform air gap is maintain throughout the rotor surface. In this case, the radial force borne by the bearing will be the force required to support rotor structure against gravity, i.e.
(b) When the rotor is offset by a certain distance towards some section of stator it results in a non-uniform flux distribution and results in an imbalance force. Thus the force borne by the bearing will be sum of the weight of the rotor and the imbalance force. This imbalance force is the function of length of displacement and the angle of the orientation of displacement, i.e.
c cos (9) Figure 4 : Different rotor positions (a) when rotor is rotor is place centred on its rotational axis, (b) when rotor is displaced vertically downward, (c) when rotor is displaced downward at certain angle.
In figure 5(a) , the variation of magnetic flux density with air gap length is plotted on left y-axis and the corresponding electromagnetic force of attraction is plotted on right y-axis. It can be clearly observed that both parameters reduce as the air gap length increases. The design air gap length, which is 7 mm in this case, would result in the flux density of 0.85 T and the corresponding normal component force of attraction of magnitude 8500 kN over the air gap. If the uniform air gap were maintained over the rotor surface, these forces would cancel out. Any deviation in air gap length would result imbalance forces. Figure 5(b) shows the variation of electromagnetic force with the closer of air gap as the percentage of design value (7 mm). The maximum allowable deviation in air gap is 10% of the designed value, which corresponds to the radial load of 1100 kN. The total radial load consists of weight of rotor and the varying imbalance force due to non-uniform air gap. The varying imbalance force increases as the air gap length deviates further from the design value and hence the total radial loads on the bearings increases as a result.
The comparison of power consumed by magnetic bearing and power loss in rolling element bearing at different percentage deviation from design air gap length in vertically downward position is presented in figure 6 (a). When the rotor is positioned at its centre of rotational axis i.e 0 % deviation in air gap length, magnetic bearing would consume around 3 kW more power than the rolling element bearing. This power is just to provide sufficient force to support the rotor mass against gravity. Thus, with magnetic bearing, there would always be a base power loss of 3.2 kW in addition to further power loss in the event of rotor being offset from mean position. One can observe that the power loss in rolling element bearing is very less. However, any deviation in air gap length will become permanent. This means that if a maximum allowable deviation of air gap were caused due to manufacturing inaccuracies, there would be a power loss of 1.5 kW permanently. 
Structural Mass
Direct drive generators are comparatively huge. In the case of wind turbines, they are preferably designed with low aspect ratio. Thus, for large-scale generators, their structural mass tends to dominate their total mass. Any contribution in reducing this structural mass could potentially benefit in having comparatively lighter generator, which in turn reduces its cost and loads on the tower.
Structural mass of a generator depends primarily on the various loads and the stiffness requirements. In an electrical generator, the loads on the structures will be shear and normal stresses, gravity force, unbalanced magnetic pull due to eccentricity, thermal expansion force and centripetal forces [10] . The requirement of the structural stiffness mainly depends on the need to limit deflection of the air gap between the rotor and stator.
For this paper, the structural mass is estimated based on the loads caused by electromagnetic force and the structure is stiff enough to maintain air gap not less than 10% of the design value. This requires certain amount of thickness of the rotor cylindrical wall and the supporting disk. Thus the mass of the rotor will be given by (10) . (10) where, n is the number of supporting disk required and rest of the parameter as described in §2. It is obvious from the relation that as the rest of the dimensions will be fixed in the design phase, the parameters that can be altered include , and n.
Broadly there are three approaches that can lead to a reduction in the structural mass of -for example -a rotor:
(1) By reducing the design loads on the structure, (2) By allowing more tolerance for deflection and therefore allowing the structure to be more flexible, (3) By providing a shorter or more efficient load path to a notionally infinitely stiff support, (4) By optimising the design of the structure so that it has an overall better stiffness to mass ratio.
It can be seen that a use of a magnetic bearing can be seen as part approach (1) and part approach (3) . The basis of the analysis is shown in figure 7 for C-structure rotor with equivalent radial loads in both bearing configuration. The reduction of design radial loads would be achieved by counteracting attraction force. With an idea of the designed structural load and allowable deflection of structure, one can estimate the parameter and for the given configuration of rotor, which enables to estimate the mass of rotor using equation (10) . This could be calculated either by using analytical solid mechanics relations or by using finite element software. In this case, this has been achieved by performing static finite element analysis of the structures in Autodesk Inventor platform. The rotor structures were constrained at the shaft and the net stress at outward direction was applied over the rotor cylindrical wall. The two parameters were systematically varied until the minimum thickness that does not violate the maximum allowable deflection of the rotor (in this case 0.7 mm) is found. The process is repeated for both rotor structures and the two bearing configurations. To estimate the structural mass reduction by magnetic bearing the net stress on the cylindrical wall was reduced by certain fraction and the redefined structural parameters were achieved.
For a structure of a given material and mechanical property, deformation in it is a function of design load. In figure 10 , the mass of rotor (both C-structure and I-structure) is shown on left y-axis and the power required to achieve is shown on right y-axis plotted against percentage reduction of radial loads. With the use of rolling element bearing the mass of Cstructured rotor was found to be 13 tons. This corresponds to zero additional power loss. At every reduction of the design load, the mass of rotor was found to be decreasing getting 4.5 tons at 100 % reduction. The corresponding power required by magnetic bearing on the other hand was increased on the reduction of design loads.
One can see both bearing configurations and how the magnetic bearing contributes in reduction on designed electromagnetic loads. However, this reduction in loads by magnetic bearing comes at the expense of addition power required to produce such counteracting forces. For instance, it can be observed that in order to achieve 1.2 ton of mass saving, 10% of the design load has to be reduced which would cost around 4 kW of extra power in magnetic bearing. Thus, there shall be a trade-off between additional counteracting force by magnetic bearing and willingness to loss extra power.
Conclusion
The extra power required to operate magnetic bearing is higher than the frictional losses in rolling element bearing. The deviation of rotor from its axis of rotation is permanently present id the generator has rolling element bearings. While, as the forces are controlled locally at various sections with magnetic bearings, the rotor can always be brought back to its axis of rotation and the imbalance forces are minimised. The mass of rotor with the magnetic bearing tends to be less than that with rolling element bearing. The Magnetic bearing provides possibility to reduce some design loads on the structure. However this would come at the expense of additional power losses. Although evaluation based only on the ground of energy consideration and structural mass might seem insufficient, it does provide an indication of potential use of hybrid bearing system which could extract the benefit of both world. It is also obvious that the above evaluations should address the cost and maintenance requirement.
